initially confirmed with bidirectional sequencing and then evaluated in 192 chromosomes from 96 normal controls. The mutations were described according to the recommendations of the Human Genomic Variation Society (HGVS).
Information assessment of missense mutations:
Nonsynonymous substitutions were further analyzed by using a set of programs aimed at predicting the effect of the substitution at the protein level:
Sequence alignments with protein orthologs were used to determine whether an amino acid at the mutation position was evolutionarily conserved or not. Substitutions at evolutionarily conserved positions/sites are more deleterious than those at evolutionarily unconserved positions [22] .
Blosum62-Blosum62 is an amino acid substitution scoring matrix. Missense mutations had a lower fraction of nonconservative changes (negative blosum62 scores) Figure 1 . Eleven mutations identified in FZD4 and LRP5 genes of 49 families with FEVR. The columns from left to right display the family number, the mutation designation, and sequence chromatography from patients and normal controls. compared with that predicted from randomly distributed nonsynonymous single nucleotide polymorphisms, suggesting that blosum62 values predict deleterious function [23] .
PolyPhen-PolyPhen is a sequence homology-based online tool used to predict the functional impact of a substitution. PolyPhen predicts how damaging a particular variant may be by using a set of empirical rules based on sequence, phylogenetic, and structural information about a particular variant [24] . Figure  1 ), including eight novel and three known mutations, were identified in 11 of the 49 (22.4%) families with FEVR, including five FZD4 mutations in six families and six LRP5 mutations in five families (Table 1) . Of the 11 families with FZD4 and LRP5 mutations, six had a familial history of FEVR, and five were isolated cases ( Figure 2 ). Two families had the same FZD4 mutation, and one family had compound heterozygous mutations in LRP5.
RESULTS

Mutations detected: Eleven heterozygous mutations (
Of the 11 mutations, seven were missense, two were nonsense, and two were frameshift deletions. The eight novel mutations were not detected in 192 chromosomes of 96 normal controls. All five novel missense changes affected evolutionarily conserved residues ( Figure 3 ), and four of the five were predicted to be pathogenic ( Table 1 ). The cosegregation of the mutation in additional family members who were screened is shown in Table 2 .
Phenotypes: All 11 probands and their affected relatives with FZD4 or LRP5 mutations had ocular changes typical of FEVR (Table 2) . Individuals with mutations may be asymptomatic or blind, with visual acuity ranging from normal to no light perception. Fundus changes varied significantly in the different patients, with mildly affected individuals showing brush-like or increased branching of the peripheral vessels, peripheral avascular zone, peripheral fibrous proliferation, and/or straightening of the temporal arcades ( Figure 4 ). These signs were also prevalent in the "healthy eye" of the probands or affected relatives, especially under examination with fluorescein angiography. The affected eyes of the probands and the relatives showed more severe ocular changes, including temporal dragging of the optic disc, falciform retinal folds, neovascularization, exudates, tractional retinal detachment, and/or retrolenticular fibrotic masses.
DISCUSSION
In this study, 11 mutations in FZD4 and LRP5 were detected in 11 families with FEVR but were not present in 96 normal individuals. Based on the results of segregation analysis in the family members and the functional prediction of the mutations, these mutations appear to be the cause of FEVR in the Chinese patients.
The phenotypes of all the patients with FZD4 or LRP5 mutations were closely related to the developmental anomalies observed in the retinal vessels and the resulting complications. However, we documented great variability in the clinical signs between the right and left eyes of the same patient, among different affected members of the same family, and between different families. We have not identified specific phenotypes that can establish a genotype-phenotype correlation for different mutations in the same gene or for mutations in different genes.
So far, several mutations have been identified in the FZD4 and LRP5 genes of patients with FEVR. Mutations in FZD4 have been detected in 5%-40% of families with FEVR [18, 19, [25] [26] [27] [28] [29] , whereas those in LRP5 have been identified in 12%-18% of families [18, 26, 27] . In our study, the FZD4 and LRP5 mutations were identified in 11 of 49 families, in which TSPAN12 mutations have been excluded by our previous study [21] . We detected FZD4 mutations in 9.6% (5/52) of families with FEVR and LRP5 mutations in 11.5% (6/52) if the three families with TSPAN12 mutations are taken into account [21] . In summary, mutations in FZD4, LRP5, and TSPAN12 were not detected in a large proportion of families (73.1%, 38 of the 52 families) in our case series. For those families in which we failed to detect mutations, a small number might have mutations in the intronic or regulatory regions of these genes, which could not be detected with the strategies used in this study. Mutation in the NDP gene has been excluded in the remaining 38 families in our recent study [30] . It is more likely that additional genes involved in FEVR have yet to be discovered. Other components in the Wnt/Norrin signaling pathway might be potential candidates for further screening since all four known FEVR causative genes encode proteins involved in this pathway. Moreover, the samples in which mutations were not identified will be good targets for identifying additional FEVR genes with next-generation sequencing and exome sequencing in the near future. 
APPENDIX 1.
Primers used for PCR amplification and sequencing of FZD4 and LRP5 Abbreviations: E: Exon, F: Forward, R: Reverse, bp: Base pair. FZD4-E2 was amplified in three overlapping segments A, B, and C. Primer sequences for LRP5-E4 obtained from Gong et al. [31] . Sequencing primer for LRP5-E10-F is another primer TTCCTCCTCACCTGCTG. To access the data, click or select the words "Appendix 1." This will initiate the download of a compressed (pdf) archive that contains the file. Figure 2 and Table 2 . Signs of FEVR included retinal detachment (top left), falciform retinal fold (top middle), temporal dragging of optic disc (top right), peripheral avascular zone and brush-like peripheral vessels (middle left), shell-like peripheral vessel terminatio and neovascularization (center), peripheral fibrovascular proliferation (middle right), lens dislocation (bottom left), peripheral exudates (bottom middle), temporal dragging of optic disc, and peripheral fibrous proliferation (bottom right).
